To evaluate associations between vascular risk factors and changes in burden of infarcts, ventricular size (VS), sulcal widening (SW), and white matter hyperintensities (WMH) in an initially middle-aged, biracial cohort from the Atherosclerosis Risk in Communities (ARIC) study.
Midlife vascular risk factors are well-known to be associated with late-life cognitive impairment and dementia, 1,2 but the mechanisms by which midlife vascular risk factors cause brain injury are not well-understood. Both ischemic and degenerative pathways are likely involved, but speculation abounds about their relative contributions. There are few autopsy studies in persons in midlife, so what disease-related processes are occurring in midlife must be inferred from late-life neuropathologic studies, 3, 4 or from brain imaging. Brain imaging in middle-aged populations has begun to address the issue, but most work is cross-sectional. Cross-sectional studies have shown associations with vascular risk factors and imaging features. [5] [6] [7] [8] There are only a few longitudinal studies [9] [10] [11] [12] of white matter hyperintensities (WMH) and infarcts, but only one study 13 that we are aware of has assessed the impact of vascular risk factors on brain atrophy.
We carried out MRI in an initially middle-aged cohort from the Atherosclerosis Risk in Communities (ARIC) study and have reported on the cross-sectional associations of cognitive and risk factor correlates with magnetic resonance (MR) findings. 5, 14 Diabetes and hypertension were the 2 most important vascular risk factors in those analyses. MR scans were repeated in over half of the original participants roughly 10 years later. The goal of the present analysis is to describe the imaging changes and their relationships to the presence of diabetes and hypertension, as well as other risk factors. We sought to learn whether vascular risk factors were associated with ischemic and atrophic brain imaging changes.
METHODS Design and patients. At inception in 1987-
1989, the ARIC study recruited 15,792 women and men, aged 45-64, from probability samples in 4 US communities: Forsyth County, NC; Jackson, MS (black subjects only); selected suburbs of Minneapolis, MN; and Washington County, MD. Details of the ARIC study sampling and study design have been published. 15 The current analyses involve a subset of the original ARIC cohort who participated in the ARIC MRI Study (2004 -2006) . These individuals were recruited for a follow-up brain MR scan and cognitive testing from the subset of the ARIC cohort (n ϭ 1,812) who had an initial MR scan at the third ARIC examination.
During the first 2 years (1993 and 1994) of the third ARIC examination, 2,891 participants aged 55 and older from the ARIC study sites in Forsyth County and Jackson were invited for cerebral MRI and cognitive assessment. Cognitive assessments and vascular risk factor assessments were conducted at this visit, and the vascular risk factors recorded at this third ARIC visit constitute the baseline for the present analyses. For reasons of participant safety, the following exclusion criteria were used for selection of participants in 1993-1994: prior surgery for an aneurysm in the brain; metal fragments in the eyes, brain, or spinal cord; valvular prosthesis, cardiac pacemaker, cochlear implant, spinal cord stimulator, or other internal electrical device; and occupations associated with exposure to metal fragments. Of those screened, 2% of women and 6% of men were ineligible. A total of 1,945 participants successfully underwent cerebral MRI, 1,812 of whom had scans of sufficient quality to perform ratings. The cognitive and vascular risk factor relationships to the imaging obtained in 1993-1994 have been previously described. 5, 14 Between 2004 and 2006, 10 years after the initial MR scans, all participants who had undergone MR scanning at the third ARIC visit were invited to participate in the ARIC MRI study and undergo a repeat MR and cognitive assessment. There were 1,112 (African American 585, white 527) subjects who had both an initial scan and a follow-up scan of sufficient quality for analysis, as well as assessment of vascular risk factors at the time of the initial MR scan 10 years earlier, who form the study group for this report. There were 808 subjects who did not undergo scanning because of death (n ϭ 268), refusal (n ϭ 452), requests for no further contact with study (n ϭ 20), neurologic disorders (n ϭ 13), surgery/radiation to skull/brain (n ϭ 9), or ineligible (n ϭ 46). The flow of subjects is also shown in figure e-1 on the Neurology ® Web site at www.neurology.org.
Standard protocol approvals and patient consents. All subjects provided written informed consent to participate, based on local standards at Wake Forest University School of Medicine or the University of Mississippi Medical Center.
Risk factors.
Risk factor measurements were obtained in 1993-1994 at the time of the third ARIC visit, with the exception of strokes, which were captured on an ongoing basis. These have been described previously, 5, 16 so only those measurements for risk factors pertinent to the current report are included here.
Prevalent diabetes mellitus was defined as a fasting glucose of Ͼ126 mg/dL, nonfasting glucose of Ͼ200 mg/dL, a selfreported history of diabetes, or treatment for diabetes in the past 2 weeks. Serum glucose was assessed by the hexokinase method.
Hypertension was defined as systolic blood pressure Ͼ140 mm Hg, diastolic blood pressure Ͼ90 mm Hg, or use of antihypertensive medications in the past 2 weeks.
Prevalent stroke prior to first MR was defined as a stroke validated by an ARIC physician through review of medical records 17, 18 occurring prior to the first MR scan.
Incident stroke was similarly defined as stroke occurring after baseline validated by an ARIC clinician through review of medical records occurring after baseline. The identification and validation of incident strokes is complete to December 31, 2004 . Approximately 90% of incident strokes were characterized as ischemic (embolic or thrombotic strokes), the remainder as hemorrhagic.
APOE genotype determinations were available on most subjects. Genotyping of the APOE polymorphisms was performed using the TaqMan assay (Applied Biosystems, Foster City, CA). The current analyses were done using a dichotomous variable to represent the presence or absence of an ⑀4 allele.
Imaging measures.
At the time that the original scans were obtained, quantitative volumetric brain imaging was not available, and consequently, our analyses used visual ratings of white matter hyperintensities, ventricular volume, and sulcal width. While visual ratings lack the precision of volumetric analyses, there is an excellent correspondence between the 2 methods. 19 See figure e-2 for templates for the imaging ratings.
All scans were performed at 1.5 T and included axial 5-mm contiguous T1, T2, and proton density-weighted images. The baseline brain MRs in 1993-1994 were obtained on GE or Picker scanners, and were interpreted at the ARIC MRI Reading Center at Johns Hopkins Medical Institutions using a scoring protocol developed and validated by the Cardiovascular Health Study. 20, 21 Results using the baseline scans have been reported. 5, 14, 22 The follow-up MR scans were performed in 2004 -2006 (all on GE scanners), as part of the ARIC MRI study. Although there were interval hardware and software upgrades, these studies were again obtained on 1.5 T scanners and the parameters used for scanning were chosen to match as closely as possible the signal-to-noise, resolution, and contrast weighting used for the earlier scans. These scans were scored at the University of Washington by neuroradiologists who were trained by one of the readers involved in the baseline study. The current study neuroradiologists were tested on a sample of the earlier scans to verify highly similar scoring. The criterion was Ն85% agreement within one grade for the WMH, sulci, and ventricle grading and Ն85% agreement for the presence or absence of infarcts compared to the original adjudicated scoring. This level of concordance was chosen to be similar to the interreader agreement from the baseline scoring. Thus, it was assured that both the scan technique and the scoring of the follow-up scans were as similar as possible to the baseline scans.
The ratings for the baseline and follow-up scans were obtained independently. We did not perform side-to-side comparisons.
Infarcts were defined based on signal characteristics on T1, T2, and proton density images: bright on T2 and proton density and dark on T1 images. Infarcts were counted only if they were Ͼ3 mm in maximum diameter. All scans were subjected to double-reads for infarcts scoring, and scans with discrepancies in numbers of infarcts between readers were read a third time for adjudication. A reliability exercise using 104 randomly selected cases was carried out, and interrater agreement was 89%. 19 Proton density images were used to estimate the extent of white matter hyperintensities (WMH). Periventricular and subcortical WMH were combined for these analyses. The burden of WMH was rated on a 0 -9 scale as previously described for ARIC 22 and Cardiovascular Health Study. 6 An analysis of the visually rated WMH burden had an excellent linear correlation with quantitatively estimated WMH (R 2 ϭ 0.75). 19 Interrater reliability for WMH showed a weighted of 0.76.
Axial T1-weighted images were used for assessment of ventricular size (VS) and sulcal width (SW) using a 0 to 9 scale. 20, 21 An analysis of the visual ratings compared to quantitative estimates of ventricular volume showed an excellent correlation (R 2 ϭ 0.79) in a subsample of scans from 2004 to 2006. 19 The reliability coefficients for 26 pairs of readings by 2 independent neuroradiologists for VS ϭ 0.87, SW ϭ 0.63, and WMH ϭ 0.94.
Analytic procedures. All outcomes were dichotomized for WMH, VS, and SW. The outcomes were worsening of one or more grades vs no change; for incident infarcts, present vs absent. Multiple logistic regression (SAS Institute, Cary, NC) was used to estimate outcome odds ratios (OR) and 95% confidence intervals (CI) for each vascular risk factor individually, controlling for age, sex, and race. For continuous risk factors, the unit of difference was 1 SD. Cases with missing data were excluded from analyses. Based on our prior studies, 5, 16 prevalent stroke, incident stroke, diabetes, and hypertension were the risk factors of primary interest. All other risk factors were considered exploratory. With 4 imaging features and 3 risk factors, our analyses involve multiple applications of statistical testing. We used a p value of 0.05, however, because the association of a risk factor with one imaging feature is likely to be correlated with the other imaging features.
Differences in associations among the imaging features should be viewed with the caveat that the metrics for each are different. For example, one incident infarct is not equivalent to an increase in one grade of SW, VS, or WMH.
RESULTS
Demographics and baseline vascular risk factor status of the 1,112 subjects with usable scans are shown in table 1. There were notable differences between racial and gender groups in the prevalence of diabetes, hypertension, and stroke. Compared to current participants, those who died, were ineligible, or refused to participate in the follow-up scan were older, had a much higher stroke rate, had a higher rate of diabetes and hypertension, and had worse imaging at the baseline scan (table e-1). 16 Over a median interval of 10.6 years between scans, most subjects experienced worsening of VS, SW, and WMH, but only 20% experienced new infarcts (table 2). Older age was strongly associated with worsening of imaging features (table e-2). For example, the number of subjects with new infarcts was 16.1% in the 55-59 year age group, but 25.4% in the 65-to 72-year-old subjects. Infarct incidence was weakly correlated with changes in WMH (Pearson correlation 0.17) but virtually uncorrelated with changes in VS or SW (Pearson correlation coefficients of 0.06 and 0.04, respectively). Black subjects had more infarcts at baseline and more increase in WMH (table 2) but ethnic differences were generally small for the other MR features.
Measures of glycemic control and blood pressure were associated with progression of all 4 imaging features (table 3) . Other risk factors showed associations with one or more imaging feature (table e-3), but glycemic control and hypertension alone were the only risk factors that were associated with both ischemic changes and atrophic changes. APOE ⑀4 genotype was not associated with any changes in imaging features. There was, as expected, a strong association between incident infarcts and incident stroke.
In all 3 multivariable models (table 4) , both diabetes and hypertension at baseline were strongly and independently associated with incident infarcts. Diabetes alone was associated with worsening SW in all 3 models. At baseline, 539 (50.3%) subjects were free of both hypertension and diabetes ("low vascular risk") and 99 (9.2%) had both ("high vascular risk"). Incident infarcts were seen in 32.6% of the high vascular risk group compared to 15.1% in the low vascular risk group. The corresponding figures for change of one grade or more in the other MRI features were 84.7% vs 73.2% for VS progression, 76.5% vs 55.5% for WMH progression, and 80.0% vs 69.6% for SW progression. The combined effect of hypertension and diabetes was further illustrated by an analysis by tertiles of fasting blood sugar, systolic blood pressure, and risk for incident infarcts. Those in the highest tertile for both fasting blood sugar and systolic blood pressure had 3.68 higher risk (95% CI 1.89 -7.19) of new infarcts compared to subjects in the lowest tertile for both conditions (figure 1). Analyses with VS, SW, and WMH progression showed no consistent pattern for the combined factors and ORs were low (data not shown).
We examined the risk factors in table 4 separately for men, women, and black and white subjects and found differences in the pattern of associations achieving p values of Ͻ0.05 between gender and racial groups. However, in models that included all subjects, none of the interaction terms for race or gender were significant. DISCUSSION There are several important findings from this study of serial imaging of an initially middleaged cohort. First, over two-thirds of the ARIC MRI study participants experienced a detectable worsening of VS, SW, and WMH over the 10-year interval. Approximately 20% experienced new infarcts, the vast majority of which were lacunar. Second, altered glycemic control and hypertension were associated with incident infarcts and to a less consistent degree, worsening of VS, SW, or WMH. Third, altered glycemic control and elevated blood pressure were independent of one another, and for infarcts, showed additive effects. Fourth, despite the substantial differences at baseline across racial and gender groups, there were no race-or sex-specific interactions between changes in brain imaging and vascular risk factors, APOE ⑀4 genotype, or stroke history. Our observations from this longitudinal study offer convincing evidence for a causal relationship between alterations in glycemic control and blood pressure and subsequent brain ischemic and atrophic changes. Strengths of the ARIC MRI study include the large sample size, its biracial composition, extensive risk factor assessment at baseline, and the 10-year interval between scans. There are several weaknesses, however. Loss of subjects over the 10 years of follow-up to death and worsening disability is an unavoidable bias in any prospective study. Considering that those persons who had follow-up scans were healthier in all respects including lower burdens of vascular risk factors, and less pathology on imaging, 16 our findings probably understate the links between diabetes and hypertension. Unfortunately, when the first scans were obtained, volumetric MRI was not available. We were unable to use volumetric techniques for the serial comparisons. Our rating system for imaging features has been validated, but it is clearly less precise than newer quantitative techniques. Despite our large sample size, there were few APOE ⑀4 homozygotes (n ϭ 33), precluding analysis of homozygotes vs heterozygotes.
The associations of altered glycemic control and hypertension with incident infarcts were the most consistent across the different markers of each (table  3) that we evaluated. Even if the risk factors could have other mechanisms, an ischemic one is not trivial. Our findings are consistent with neuropathologic studies of diabetic [23] [24] [25] and hypertensive 3, 26 subjects that have shown that these 2 risk factors are both associated with infarcts.
Our observations on WMH also support a role for vascular processes in the longitudinal evolution of imaging changes with altered glycemic control and hypertension. WMH are strongly associated with cerebrovascular disease by imaging 12 and pathology. 27 Both cross-sectional 5, 6, 8, 22 and longitudinal imaging including ones previously reported from this same ARIC cohort 28 and other studies [10] [11] [12] have shown associations between WMH and vascular risk factors, most notably hypertension. Yet, in both cross-sectional and longitudinal studies, the associations have been modest.
The lack of significant association of incident or prevalent stroke with brain atrophy measures in the present study suggests that atrophic processes and
Figure 1 Odds ratios of new infarcts by combinations of fasting blood glucose levels and systolic blood pressure in all subjects
Tertiles of baseline systolic blood pressure are depicted on the x-axis, tertiles of baseline fasting glucose are depicted on the y-axis, and odds ratios on the z-axis. The reference group is the lowest tertile for both systolic blood pressure and fasting blood glucose. Gray bars indicate odds ratios that did not include 1. The odds ratio of the group with the highest tertile of systolic blood pressure and highest fasting blood glucose level was 3.68 (95% confidence interval 1.89-7.19). macroscopic ischemic processes are not tightly linked. Associations were generally positive, however, and the number of incident strokes (n ϭ 28) may be inadequate for reliable estimates of association. Lacunar infarcts are not likely to be the proximal cause of brain volume loss, but they might be associated with more widespread cerebral microvascular disease, which in turn is believed to be the core substrate of brain dysfunction causing dementia. [29] [30] [31] However, epidemiologic investigations, 2,32 theoretical considerations, 33 and neuropathologic studies have raised the prospect that diabetes mellitus 4, 34 or hypertension 3 might facilitate neurodegenerative mechanisms of the Alzheimer type. Prior cross-sectional studies of vascular risk factors and brain atrophy have generally shown associations with vascular risk factors. 5, 7, 13, [35] [36] [37] [38] Our observations of the association of worsening SW and prevalent diabetes suggests that some aspect of altered glycemic control leads to synaptic loss, neuronal death, and brain volume loss but does not clarify the underlying mechanisms.
Carriers of the APOE ⑀4 allele are at greater risk for the appearance at a younger age of Alzheimer pathology, 39 but are not at greater risk for cerebrovascular disease. We were not able to demonstrate an association in the cross-sectional analyses previously, 5 nor currently in longitudinal analyses. Broken down by race, an association between APOE ⑀4 genotype and VS was seen in white but not in black subjects. APOE ⑀4 genotype has a more attenuated relationship to AD in black subjects, 40 which perhaps accounts for the lack of association in the group as a whole.
Our observations imply that control of blood sugar and blood pressure in midlife should reduce the likelihood of ischemic and atrophic changes in the brain in subsequent decades. Future clinical trials in midlife aimed at these and other risk factors could use imaging as a marker for relevant brain disease.
